The objective of this study was to develop and evaluate a mathematical model used to estimate the daily amino acid requirements of individual growing-fi nishing pigs. The model includes empirical and mechanistic model components. The empirical component estimates daily feed intake (DFI), BW, and daily gain (DG) based on individual pig information collected in real time. Based on DFI, BW, and DG estimates, the mechanistic component uses classic factorial equations to estimate the optimal concentration of amino acids that must be offered to each pig to meet its requirements. The model was evaluated with data from a study that investigated the effect of feeding pigs with a 3-phase or daily multiphase system. The DFI and BW values measured in this study were compared with those estimated by the empirical component of the model. The coherence of the values estimated by the mechanistic component was evaluated by analyzing if it followed a normal pattern of requirements. Lastly, the proposed model was evaluated by comparing its estimates with those generated by the existing growth model (InraPorc). The precision of the proposed model and InraPorc in estimating DFI and BW was evaluated through the mean absolute error. The empirical component results indicated that the DFI and BW trajectories of individual pigs fed ad libitum could be predicted 1 d (DFI) or 7 d (BW) ahead with the average mean absolute error of 12.45 and 1.85%, respectively. The average mean absolute error obtained with the InraPorc for the average individual of the population was 14.72% for DFI and 5.38% for BW. Major differences were observed when estimates from InraPorc were compared with individual observations. The proposed model, however, was effective in tracking the change in DFI and BW for each individual pig. The mechanistic model component estimated the optimal standardized ileal digestible Lys to NE ratio with reasonable between animal (average CV = 7%) and overtime (average CV = 14%) variation. Thus, the amino acid requirements estimated by model are animal-and time-dependent and follow, in real time, the individual DFI and BW growth patterns. The proposed model can follow the average feed intake and feed weight trajectory of each individual pig in real time with good accuracy. Based on these trajectories and using classical factorial equations, the model makes it possible to estimate dynamically the AA requirements of each animal, taking into account the intake and growth changes of the animal.
INTRODUCTION
Optimal nutrient concentration+ in commercial diets are most commonly estimated by the empirical and factorial methods. However, these methods are deterministic as they do not consider inter-or intraanimal variability (Pomar et al., 2009) . Because of the complexity of animal responses and the many factors modulating these responses, mathematical models are proposed to simulate growth and estimate nutrient requirements of animals (Green and Whittemore, 2003; van Milgen et al., 2008) . These models must be properly calibrated in relation to a reference population to ensure that the concentration of nutrients that will optimize animal responses are accurately estimated. These models are, however, challenged by the diffi culty of identifying the adequate reference population for their calibration. Furthermore, animals from actual populations may follow different growth patterns from the ones observed in the reference populations.
Precision farming is a concept that relies on the existence of variability between animals and production units. Precision feeding involves the use of feeding techniques that allow the right amount of feed with the right composition to be provided at the right time to each pig in the herd (Pomar et al., 2009) . Essential elements of precision feeding are the precise evaluation of the nutritional potential of feed ingredients, the precise determination of the individual daily nutrient requirements, the formulation of balanced diets, and the concomitant adjustment of the dietary supply and concentration of nutrients to match the evaluated requirements of each pig. This concomitant adjustment of nutrient supply requires that the nutrient requirements of each individual be continuously assessed on the basis of the status of each animal and its own patterns of feed intake and growth . Accordingly, the purpose of this study was to develop and evaluate a mathematical model, in which an empirical and mechanistic component are used to estimate in real time the nutrient requirements and optimal dietary nutrient concentration for each fi nishing pig in the herd as required for the implementation of precision feeding systems in commercial swine farms.
MODEL DEVELOPMENT

General Description
The proposed mathematical model estimates daily amino acid requirements and their optimal dietary concentrations for each individual growing-fi nishing animal in the herd according to its actual BW and actual growth and feed intake patterns. This model follows the "grey-box model" approach (Roush, 2006) , which results from the combination of a "black-box" (empirical) and a "knowledge-based" (mechanistic) component ( Figure  1 ). In the empirical model component, daily feed intake (DFI) and daily BW gain (DG) of the current day are estimated for each individual animal using empirical equations that are calibrated daily from historical up-to-date individual animal information. In the mechanistic model component, BW, DFI, and DG are the driving-variables used in a factorial procedure, estimating the AA requirements of each individual animal and the optimal concentration of AA that should be provided in its tailored diet.
Unless otherwise specifi ed in the text, rate variables are expressed on a daily basis, energy is presented in mega joules, masses in grams or kilograms, and concentrations in kilograms. The provisions and requirements of standardized ileal digestible Lys (SIDLys) are expressed in relation to NE (i.e., SIDLys:NE), but the other AA are presented in SID form in relation to SIDLys. Other nutrient requirements, including minerals or vitamins, are not estimated in this model. Time is expressed in days and real-time simulation refers in this study to a model that executes at daily clock time. Time t is the day at which the last feed intake or weight measurements were taken.
Empirical Model Component
The empirical component of the model is used to estimate current-day DFI, BW, and DG from the information measured in each individual animal up to time t + 1. The objective of this approach is to follow in real time a dynamic average feed intake and BW trajectories of each pig from the herd. Short-term variation over time and temporary drops in performance are not taken into account in this model. For this, forecasting methods using exponen- vations. Given that InraPorc estimates DFI and BW only for the average individual animal, the estimates generated by this model are separately compared with the observed data for each individual animal. The mean absolute error values obtained with the 2 models were compared using the GLM procedure (SAS Inst. Inc., Cary, NC).
EVALUATION RESULTS
Empirical Model Component
With the proposed model, the individual DFI and BW trajectories of pigs fed ad libitum can be estimated 1 or 7 d in advance with the average mean absolute error of 12.45 and 1.85%, respectively ( Table 1 ). The average mean absolute error obtained with the InraPorc model for the average animal in the population was 14.72 for DFI and 5.38% for BW. These larger errors obtained with InraPorc model resulted because feed intake and BW trajectories had been previously estimated using all population data, but the proposed model was adjusted daily using up-to-date available information.
Observed DFI and BW values and the corresponding estimates obtained by the proposed model and InraPorc as a function of time were compared (Figure 2) . The differences between DFI and BW observed and estimated trajectories were small with both the proposed and the InraPorc models (Figures 2A and 2D) . However, the mean absolute error shows that the proposed model is more accurate than InraPorc when estimating DFI (2.41vs. 2.76%; P = 0.002) and BW (0.95 vs. 1.44%; P < 0.001). To illustrate the difference between the 2 models, an evaluation based on specifi c individuals was performed. To this end, individuals with feed intake and BW trajectories free of major fl uctuations during growth, as should be expected from healthy animals raised in adequate conditions, were identifi ed as typical, but those showing large fl uctuations were identifi ed as atypical. The proposed model fi ts the observed values reasonably well considering the fact that the objective was to track the average trajectory of the DFI and BW of each individual (Figures 2B and 2E) . However, the fi t quality was not as good for atypical individuals (Figures 2C and 2F) . Considering that the InraPorc model was calibrated a priori to represent average population trends, the estimates of this model differed from the values observed for some individuals, primarily the atypical (Figures 2B and 2E ). In general, the mean absolute error values estimated with InraPorc predictions were greater both for typical and atypical individuals than those obtained with the proposed model.
Mechanistic Model Component
The proposed model structure and parameter values allow to simulate coherent estimates of NE intake and SID Lys requirements (SIDLys:NE; Figure 3 ). An increase in between-animal variation in NE intake was observed during growth ( Figure 3A) . However, for DG, the variation remained constant (average CV = 7%; Figure  3B ). The observed abrupt changes in DG over time resulted from the limited ability of the proposed recursive regression method to produce smooth trajectories with weekly BW measurements. This weighing interval was particularly long for atypical animals. The appropriateness of using this numerical procedure with scarce BW measurements should be evaluated in commercial conditions considering that amino acid requirements and optimal dietary amino acid concentrations may be inaccurate for pigs showing important changes in their DFI and BW trajectories. In the present study, the SIDLys:NE ratios estimated over time for the pig population showed reasonable between-animal (average CV = 7%) and overtime (average CV = 14%) variations ( Figure 2C) . These values ranged from 0.80 to 1.03 g MJ −1 (average of 0.89) on the fi rst day of the simulation.
The results simulated by the proposed model show an exponential increase in NE intake, a nearly constant DG, and an exponential decrease in the SIDLys:NE requirements during growth (Figure 3) . These trajectories differ from those simulated by InraPorc for DG and SIDLys:NE, which increase initially and reach the plateau, after which they decrease. These results clearly show that when a pig population is fed according to the requirements of the average individual animal, part of the population will not consume enough nutrients to meet its requirements, but other individuals will consume amino acids in excess during a large portion of the growing period.
DISCUSSION
Empirical Model Component
The empirical model used in this study was fairly accurate (average mean absolute error = 1.85%) to follow the BW changes in the population. However, it did not perform as well for the DFI (average mean absolute error = 12.45%) because it was calibrated to estimate a smoothed consumption trajectory without accounting for daily variations. The proposed empirical model component allows tracking of the DFI and BW trajectories of each individual animal by a simple recursive regression method. A large number of animals, however, show temporary changes in their feed intake and BW trajectories during growth, which may be related to health problems. The sensitivity of the empirical model to follow individual trajectories can be adjusted by changing the α parameter in the corresponding equations. The values of α used in this study, however, were the same for all animals and were adjusted to enable the model to track mediumterm trends, ignoring daily changes ( Figure 2C ). This assumption of tracking a smoothed trajectory is based on the concept that the animal is able to maintain nutritional homeostasis with daily intake fl uctuations (Knap, 1995) .
The average mean absolute error values and SD were greater for values estimated from InraPorc compared with those estimated by the proposed model. This is because in the InraPorc model, feed intake trajectories were previously calibrated by using observations taken from a group of animals in a rather infl exible function, which represent overall trends, ignoring short-and medium-term fl uctuations. In addition, the error associated with current deterministic models such as InraPorc may increase as the population becomes more heterogeneous (Pomar et al., 2003; Brossard et al., 2009 ).
The DG estimated by the proposed model did not follow the typical growth curve often estimated by the Gompertz function. That function is commonly used in growth models to describe animal growth potential, assuming a sigmoid pattern under non-limiting conditions (Gompertz, 1825) . However, in the present study, a number of environmental factors might have affected DG and led to non-sigmoid growth trajectories (Schinckel et al., 2002) . This especially applies to animals with high DG such as those used in this study (average of 967 g d -1 ), as suggested by other authors (Moughan et al., 2006) . Basing the BW trajectory in previously collected data may not be effective under certain circumstances, as was the case with the observations used in the study. The proposed model makes it possible to consider not only the group trend, but also the growth and intake changes for each individual animal in real time. In addition, the model allows predicting the intake and BW gain at the current day, which is necessary to provide individually daily tailored diets in precision feeding systems.
Body weight can also be estimated from DFI data. For example, BW gain of a broiler population was estimated in real time from feed intake data, using a recursive prediction model (Aerts et al., 2003) . Although the prediction error observed by these authors was small (3%), this model was applied to an average population, and there was no information about its effectiveness for estimating individual BW. The effective use of this procedure in precision feeding systems for swine requires, however, having individual feed effi ciency information or BW gain composition over time. The information is unfortunately unavailable a priori and cannot be obtained from individual daily feed intake measurements.
The empirical approach used in the proposed model to estimate current-day DFI, BW, and DG does not provide information on the biological mechanisms involved in the change in these variables. However, this empirical approach enables accurate real-time tracking of the change in the feed intake and growth patterns of each individual animal of the population.
Mechanistic Model Component
The factorial approach used in the proposed model allows estimating the daily nutrient requirements of each animal in its current environment according to the change in its own intake and growth patterns. The parameters used in the mechanistic model component (e.g., maintenance) were, however, obtained from those used in actual pig growth models. These parameters represent an average individual animal and further studies should be conducted to determine its variability. The structure and parameters of this mechanistic model component has been conceptualized to obtain acceptable real-time estimations of individual amino acid requirements and optimal dietary amino acid concentrations using information collected in commercial facilities, in which precision feeding systems are to be implemented. Individual feed intake recording is an available technology for commercial precision feeding. As indicated before, the potential of estimating BW, DG, and individual AA requirements based on only individual feed intake data is limited and has been discarded for future swine precision farming systems. Automated daily individual weighing is also available, but rather expensive and diffi cult to implement in actual commercial farms. To reduce precision feeding implementation costs, it was assumed that weekly BW measurements will be suffi cient to obtain reasonable estimations of real-time amino acid requirements of individual pigs. Given the variability in individual daily feed intake and the limited BW data points available in this context, estimating BW composition by inverse modeling was discarded and, thus, PD/DG had to be assumed constant. This parameter, however, shows important variation between animals and for the same animal over time (Schinckel et al., 2009 ). The inaccuracy of this simplifi cation will be, however, evaluated in an ongoing project, in which some aspects of the mechanistic model will be evaluated and upgraded. Ultimately, optimal predictions of individual daily AA requirements will be obtained in systems, in which DFI, BW, and body composition measurements will be taken daily.
Continuous estimation of nutrient requirements is considerably different from the requirement estimation approaches used in actual growth models such as NRC (1998), InraPorc, and others. These models estimate the nutrient requirements of a group of animals based on the assumptions that the potential of these pigs is similar to that of a reference population and that there will be no changes in production conditions and consequently in feed intake and growth trajectories.
Several factors such as health status, ambient temperature, and social stressors can temporarily or permanently modify individual DFI and BW trajectories, which are also diffi cult to represent in actual growth models. In addition, nutrient requirements vary in form and magnitude between individuals in a population . Several studies have shown that using the average individual animal in a population to estimate population requirements means that the requirements of a large number of individuals will not be met and consequently the response of the animals will not be optimized (Pomar et al., 2003; Brossard et al., 2009; Hauschild et al., 2010) . In contrast, in animals that are receiving quantities of nutrients exceeding their requirements, nutrient effi ciency is reduced and nutrient excretion is increased. New approaches that characterize individually a pig population, and consider relationships between model parameters, have been put forward (van Milgen et al., 2008; Brossard et al., 2009 ). However, those approaches are still being fi xed a priori according to a reference population without taking into account the variation between animals, which is frequently observed in pig populations.
From a practical point of view, actual group feeding systems are limited because all individuals are fed with a unique feed during long periods. Determining the optimal composition of this complete feed is complex, and when population responses are optimized, most of the pigs in the population will receive more nutrients than they need, and a small portion of the population will be fed below requirements . Nutrient requirements within a pig population vary greatly, and this variation is affected by many factors such as genetic variation, management (e.g., groups are formed with pigs birthed on different days or raised in different locations or both), and health. Furthermore, optimal AA requirements in a whole pig population are estimated using data previously collected and with models calibrated based on a reference population. The use of these models is, therefore, challenged by the diffi culty of identifying the right reference population and balancing the cost effectiveness of feeding some pigs in excess and limiting the growth of others.
Despite the compromise taken in this study (i.e., the minimal information to obtain reasonable estimations of individual amino acid requirements), feeding pigs individually with daily tailored diets formulated based on the real-time patterns of feed intake and growth of each pig represents a fundamental paradigm shift in pig feeding. Besides the fact that animals are fed individually, the application of precision feeding techniques in growing-fi nishing operations implies that optimal dietary AA concentrations are no longer static population characteristics, as suggested in actual methods of estimating nutrient requirements (e.g., NRC, 1998; van Milgen et al., 2008) , but form a dynamic process that evolves independently for each animal modulated by its own intrinsic (e.g., genetics, health, nutritional status, etc.) and extrinsic (e.g., environmental and social stressors, management, etc.) driving forces.
Feeding pigs with daily tailored diets using precision feeding techniques may be an effective approach to optimize actual population responses, which can include reducing feed costs, improving nutrient effi ciency, or reducing excesses of the most economically and environmentally detrimental nutrients without jeopardizing animal performance . However, the proper implementation of precision feeding in livestock production systems should include 1) the proper evaluation of the nutritional potential of feed ingredients, 2) continuous sensing of the process responses (daily feed intake and BW) using automatic equipment at an appropriate frequency and adjusted with information fed back to process controllers, 3) the precise determination of nutrient requirements, 4) the formulation of premixes that limit the amount of excess nutrients, and 5) the concomitant adjustment of the dietary supply and concentration of nutrients to match the nutritional requirements of each pig in the herd (Pomar et al., 2009 ). Thus, the continuous estimation of individual animal requirements combined with feeding techniques that can provide each individual animal in a group with the right amount of a tailored feed at the right time to satisfy its requirements is essential to the development of precision feeding systems.
In conclusion, the proposed model can monitor the average feed intake and feed weight trajectory of each individual animal in real-time with good accuracy. Based on these trajectories and using classical factorial equations, the model allows the estimation of the AA requirements of each animal and their optimal dietary amino acid concentrations by taking into account the changes in animal intake and growth. In an effort to develop sustainable precision farming systems for swine, the proposed model can be integrated into feeders and provide to each pig with daily tailored diets. Precision feeding can effectively contribute to the reduction of the 
